INTRODUCTION {#SEC1}
============

Linker histones H1 constitute an evolutionarily conserved family of chromosomal proteins that play an important structural role in regulating chromatin compaction and higher order chromatin organization (see ([@B1]) for a recent review). In metazoan species, histones H1 usually exist as multiple variants, some of which are specifically expressed in the germline (reviewed in ([@B2])). For instance, four of the eleven mice/human H1 isoforms are germline specific, of which three are expressed in males (H1T, HILS1 and H1T2) and one in females (H1oo). Female-specific variants usually accumulate in the oocyte and are retained during early embryogenesis ([@B2]). In comparison to most metazoa, H1 complexity in *Drosophila* is much reduced since it contains a single somatic dH1 variant ([@B3]), which is ubiquitously expressed throughout development, and a single germline specific variant dBigH1, which is expressed in both the female and male germlines, and it is retained in the early embryo ([@B6],[@B7]). Embryonic H1s persist as long as the zygotic genome remains transcriptionally silent, being replaced by somatic variants when transcription begins during zygotic genome activation (ZGA) (reviewed in ([@B2])). In *Drosophila*, dBigH1 is present during early embryogenesis until ZGA onset at cellularization ([@B6]). At this stage, dBigH1 is replaced by somatic dH1 in somatic cells, whereas it is retained in the primordial germ cells (PGC) ([@B6]), which remain transcriptionally silent.

These observations suggest that dBigH1, and embryonic H1s in general, are general transcriptional regulators that contribute to silencing. Linker histones H1 have been usually associated with transcription repression, but somatic H1s are readily detected across expressed genes ([@B8]). In this regard, it has been reported that somatic H1s can even enhance the synergism between transcription factors ([@B15]). In contrast, in the presence of dBigH1, chromatin appears to be transcriptionally silent, suggesting that dBigH1 enhances transcriptional silencing. Here, we analyze the mechanisms of action of dBigH1. For this purpose, we have performed ectopic expression experiments in *Drosophila* S2 cells, which lack dBigH1. These experiments confirm the contribution of dBigH1 to transcriptional silencing, identifying the acidic N-terminal ED-domain as responsible for its negative effect on transcription.

MATERIALS AND METHODS {#SEC2}
=====================

Antibodies and recombinant proteins {#SEC2-1}
-----------------------------------

αdBigH1 antibodies are described in ([@B6]). αdH1 antibodies were a gift from Dr J. Kadonaga and are described in ([@B16]). αRpb3 antibodies were a gift from Dr J. Zeitlinger and are described in ([@B17]). The rest of antibodies used in these experiments were commercially available: αPol IIo^ser5^ (Abcam, ab5131), αH3Kac (Millipore 06-599), αH3K36me3 (Cell Signaling, 9715), αH3 (Abcam, ab9050), αH4 (Abcam, ab10158) and αFLAG (Sigma F3165).

Recombinant His-tagged dBigH1 constructs were expressed in *Escherichia coli* BL21-LysS cells using pET30b(+) expression vectors (Novagen), and purified using Ni-NTA columns (BioRad) by conventional methods.

Stable S2 cell lines and transgenic flies {#SEC2-2}
-----------------------------------------

Stable S2 cell line expressing dBigH1::FLAG under the control of a Cu^2+^-inducible promoter is described in ([@B7]). Stable lines expressing dBigH1ΔED::FLAG and dBigH1ΔNTD::FLAG were generated identically as the dBigH1::FLAG-expressing line.

*w1118* and *daughterless(da)*-GAL4 flies were obtained from the Bloomington Stock Center. Transgenic flies carrying UAS-*dBigH1* construct are described in ([@B6]). Transgenic flies carrying UAS-*dBigH1ΔCTD*, UAS-*dBigH1ΔED* and UAS-*dBigH1ΔNTD* were obtained by specific site-directed integration of the appropriate constructs into ZH-51D att line. All *Drosophila* stocks were maintained at 25°C on standard media.

Expression of dBigH1 constructs in S2 cells and salivary glands {#SEC2-3}
---------------------------------------------------------------

In S2 cells, expression of the dBigH1::FLAG, dBigH1ΔED::FLAG, dBigH1ΔNTD::FLAG constructs was induced with 1mM CuSO~4~ for 24 h. To determine the extent of binding to chromatin of the different constructs, crosslinked chromatin was prepared as for ChIP (see below), diluted in PLB and analyzed by WB using αdBigH1 (1:10,000), αFLAG (1:2500), αH3 (1:2500) and αH4 (1:5000) antibodies. For quantitative analysis, WBs were digitalized using a GS-800 Calibrated laser densitometer (BioRad) and analyzed using Fiji software ([@B18]). From these analyses we estimated that chromatin abundance of the full-length dBigH1::FLAG, and the truncated dBigH1ΔED::FLAG and dBigH1ΔNTD::FLAG forms was similar (Figure [1B](#F1){ref-type="fig"} and [Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). To determine the actual abundance of the various dBigH1 constructs, total histones were prepared by acid extraction of purified nuclei in 0.2N HCl overnight in a rotating wheel at 4°C. Acid extracts were analyzed by Coomassie staining and WB using αdBigH1 (1:10,000) and αdH1 (1:20,000) antibodies (Figure [1C](#F1){ref-type="fig"}). Quantitative analysis of Coomassie stained gels using Fiji software, showed that dBigH1ΔED::FLAG accounted for ∼23% of total linker histones. The levels of full-length dBigH1::FLAG could not be directly determined since it overlapped with an unrelated species present in control non-induced cells. Similarly, dBigH1ΔNTD::FLAG expression levels could neither be determined directly since it overlapped with dH1 ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}). However, considering that chromatin abundance of the full-length dBigH1::FLAG and the truncated dBigH1ΔNTD::FLAG forms was similar to that of dBigH1ΔED::FLAG (Figure [1B](#F1){ref-type="fig"} and [Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}), we estimated that all three forms were expressed to a similar extent, accounting for ∼20--25% of total linker histones.

![Expression of dBigH1 constructs used in these experiments. (**A**) Schematic representation of the domain organization of dBigH1. NTD, N-terminal domain; WHD, winged helix domain; CTD, C-terminal domain; ED, acidic domain. Numbers indicate aa position in the primary sequence. (**B**) The abundance of the indicated dBigH1 constructs in crosslinked chromatin prepared from control S2 cells and cells expressing full-length dBigH1::FLAG and the truncated dBigH1ΔED::FLAG form was determined by WB with αdBigH1 antibodies. Increasing amounts of chromatin are analyzed (lanes 1 and 2). αH3 antibodies were used for normalization. Quantitative analysis of the results is shown in the bottom (*N* = 3; error bars are SD; two tailed *t*-test, *P*-value = 0.247). (**C**) Total acid extracts prepared from control S2 cells (lane 1) and cells expressing full-length dBigH1::FLAG (lane 2) and the truncated dBigH1ΔED::FLAG (lane 3) forms were analyzed in Coomassie-blue stained gels (left) and by WB with αdBigH1 (center) and αdBigH1+αdH1 (right) of the gel in the left. Bands corresponding to dBigH1::FLAG (a) and the truncated dBigH1ΔED::FLAG (b) forms are indicated. The band corresponding to dH1 is also indicated. Note that dBigH1::FLAG overlaps with an unrelated species present in control S2 cells. The proportion of dBigH1ΔED::FLAG (band b) respect to total linker histones (b+dH1) is indicated.](gkaa122fig1){#F1}

For expression in salivary glands homozygous flies carrying the various dBigH1 constructs described above were crossed to homozygous *da*-GAL4 flies at 25°C.

ChIP experiments {#SEC2-4}
----------------

For ChIP experiments, 10^8^ cells were collected and fixed with 1.8% of formaldehyde for 10 min at room temperature by gently mixing. Cross-linking was stopped adding glycine to a final concentration of 125mM. After 5 min, cells were spun down for 2 min at 1500g and washed with 5 ml of PBS. Then, cells were resuspended in 10 ml of 10 mM HEPES pH 7.9, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100 and incubated for 10 min in a wheel at 4°C. Cells were spun down again and resuspended in 10 ml of 10 mM HEPES pH 7.9, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.01% Triton X-100, incubated for 10 min in a rotating wheel at 4°C and spun again for 2 min at 1500g. Later, cells were lysed in 5 ml of TE (10 mM Tris--HCl pH 8, 1 mM EDTA) with 1% SDS. Chromatin was washed three times with 5 ml of TE, resuspended in TE, 1 mM PMSF, 0.1% SDS and sonicated in a Bioruptor Pico sonifier (Diagenode) to obtain fragments of 200--500 bp. After sonication, lysates were adjusted to 1% Triton X-100, 0.1% sodium deoxycholate (DOC), 140 mM NaCl, incubated for 10 min in a rotating wheel at 4°C and chromatin was recovered by centrifugation. For each experiment, 400 μl of chromatin was used for the immunoprecipitation (IP) and 40 μl for the input sample. IPs were carried out in RIPA buffer (140 mM NaCl, 10 mM Tris--HCl pH 8, 1 mM EDTA, 1% Triton X-100, 0.01% SDS, 0.1% DOC). A pre-clearing step was carried out in a rotating wheel for 1 h at 4°C with 30 μl of 50% (v/v) protein A-Sepharose CL4B beads (GE Healthcare, 17-0780-01) previously blocked with RIPA--1%BSA. Then, the corresponding antibodies were added and incubated overnight at 4°C in a rotating wheel. IPs were performed by adding 40 μl of 50% (v/v) protein A-Sepharose CL4B beads previously blocked with RIPA--1%BSA and incubating in a rotating wheel for 3 h at 4°C. Beads were washed five times for 5 min in 1 ml of RIPA buffer, once for 5 min in 250 mM LiCl, 10 mM Tris--HCl pH 8, 1 mM EDTA, 0.5% NP-40, 0.5% DOC and twice for 5 min in TE. Beads were then resuspended in 40 μl of TE, DNase-free RNaseA was added at 0.25 μg/ml to the IPs and input samples, and incubated for 30 min at 37°C. To purify the DNA, samples were adjusted to 1% SDS, 0.1 M NaHCO~3~, 0.2 mg/ml Proteinase K and incubated overnight at 65°C. DNA was purified by phenol-chloroform extraction. Antibodies used were αdBigH1 (1 μl), αH1 (1 μl), αRpb3 (3.5 μg), αPol IIo^ser5^ (2 μg), αH3K36me3 (2 μg) and αH3Kac (2 μg).

For ChIP-seq experiments, all experiments were done in duplicate. Libraries were prepared from 3 to 10 ng of DNA using the NEBNext Ultra II DNA Library Prep kit for Illumina (NEB, E7645S) according to manufacturer\'s instructions. Libraries were then subjected to PCR amplification (10 cycles) and cluster generation for subsequent sequencing. For ChIP-qPCR experiments, IPs were analyzed according to the ΔΔCt method. Primers used in these experiments are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Expression profiling and RT-qPCR analysis {#SEC2-5}
-----------------------------------------

For expression analysis, total RNA was isolated from 10^7^ cells using the RNeasy Mini Kit (Qiagen) and cDNAs were generated from 25 ng of total RNA and subjected to PCR amplification (17 cycles) using the TransPlex^®^ Complete Whole Transcriptome Amplification Kit (Sigma, WTA2) according to manufacturer\'s instructions. 8 μg of amplified cDNAs were fragmented and labeled using the GeneChip Human Mapping 250K Nsp Assay kit (Affymetrix, 900766) according to manufacturer\'s instructions. Labeled cDNAs were then hybridized in GeneChip *Drosophila* Genome arrays 2.0 from Affymetrix (Thermo Fisher, 900531) for 16 h at 45°C. After incubation, the arrays were processed in the GeneChip Fluidics Station 450 from Affymetrix and scanned in GSC3000 System from Affymetrix.

For RT-qPCR analysis, total RNA was isolated from 10^7^ cells using the RNeasy Mini Kit (Qiagen). For cDNA synthesis, 1 μg of total RNA was used and qPCRs were run in triplicate in at least 4 independent experiments. Expression data were normalized to Rpl32 and analyzed using ΔΔCt method. Primers used in these experiments are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Bioinformatics and biostatistics analyses {#SEC2-6}
-----------------------------------------

Quality control of raw ChIP-Seq data was assessed with the FastQC tool version 0.11 (<https://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Then, FastQ files were aligned against the dm3 genome using Bowtie 0.12.5 ([@B19]), allowing for two mismatches (-n 2) and reporting only unique hit alignments (-m 1). Afterwards, potential PCR over-amplification artifacts were assessed and removed using sambamba 0.5.1 ([@B20]). Number of uniquely aligned reads were checked to be within the ENCODE recommended guidelines (<https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3431496/>). A summary of these ChIP-seq quality control data is presented in [Supplementary QC Data](#sup1){ref-type="supplementary-material"}. Binary tracks for samples in TDF format for visual assessment of sample signal were generated with IGVTools 2 ([@B21]). In order to determine whole genome distribution, peak calling for IP vs their respective input sample was performed with MACS 1.4.2 ([@B22]), setting the option --g dm to account for *Drosophila melanogaster* genome size, and leaving the rest of options as default. Unless otherwise specified, all downstream analyses were performed using R3.4.4 and Bioconductor ([@B23]). Additional assessment of immunoprecipitation, group separation and biological replicate correlation was performed via generation of Gini/SSD coverage inequality indexes, PCA-like MDS plots and coverage correlation heatmaps using htSeqTools 1.26.0 ([@B24]). Lorenz curves for assessing coverage distribution in the analyzed samples were generated with the ineq package version 0.2--13 using genome bins of 1000bp. Per-sample gene level quantification in log~2~RPKM and log~2~RPKM(IP/Input) ratios were generated with the countOverlaps function from the GenomicRanges package version 1.30.3, and using the UCSC *Drosophila melanogaster* dm3 annotation. Raw metagene profiles were generated from normalized coverage ratio values with the regionsCoverage function from the htSeqTools package. Whole-genome epigenetic profile Multidimensional Scaling maps were generated with the chroGPS package version 2.0 ([@B25],[@B26]). The pausing index (PI) of total RNApol II (Rpb3) was calculated as described elsewhere ([@B27],[@B28]). In brief, Rpb3 occupancy (average log~2~RPKM(IP/input) ratio between replicates) was computed at the TSS-region (defined as TSS ± 250 bp) and the CDS (defined as TSS + 250 bp to TTS -- 250 bp) for each gene longer than 1 kb and, then, the PI was determined as the TSS/CDS ratio of Rpb3 occupancy.

Affymetrix data from Drosophila2 arrays for dBigH1-expressing and control mock-induced cells were normalized with R and Bioconductor using RMA background correction, quantile normalization and RMA summarization to obtain probeset expression estimates ([@B29]). This method of data normalization is based on the assumption that there is not a general change in gene expression between the analyzed experimental conditions, with most genes suffering no big expression changes. In our case, raw intensity values before RMA did not present a global shift in expression in a consistent manner, except for a weak global decrease detected in one of the replicates ([Supplementary QC Data](#sup1){ref-type="supplementary-material"}). Next, we used limma ([@B29]) to determine differentially expressed probesets in dBigH1-expressing vs control cells, using a Benjamini-Hochberg adjusted *P* \< 0.1 and a \|FC\| \> 1.5. The GSEA pre-ranked algorithm ([@B30]) was used to identify significantly enriched and depleted KEGG pathways as provided by the org.Dm.eg.db package (November 2014), using all probesets in the *Drosophila* genome ranked by mean log~2~FC, summarized at gene level using the annotation from the drosophila2.db package version 2.8.1.

ChIP-seq and arrays data are deposited at NCBI GEO (GSE127227 and GSE103292).

NRL determination {#SEC2-7}
-----------------

For NRL determination, 2 × 10^7^ cells of each condition were grown and treated with 1 mM CuSO~4~ for 24 h. The cells were collected washed twice with PBS and fixed with 1.1% of formaldehyde for 10 min at room temperature by gently mixing. Cross-linking was stopped adding glycine to a final concentration of 125 mM. After 5 min, cells were spun down for 8 min at 1000g at 4°C and washed twice with 10 ml of cold PBS before pelleting and flash freezing in liquid nitrogen. For MNase digestion, the pellet was resuspended in PBS, 0.1% Triton X-100 (PBS-TX). The digestion was performed at 37°C in a volume of 400 μl PBS--TX with 4 × 10^6^ cells per digestion time. CaCl~2~ was adjusted to 1 mM, cells were pre-warmed and, after adding 0.8 U of MNase (Sigma-Aldrich), incubated for increasing time from 30 s to 5 min. Digestion was stopped in ice by adding EDTA and EGTA to a final concentration of 20 mM each. To purify the DNA, samples were adjusted to 10 mM Tris HCl pH 8, 0.4% SDS, 0.4 mg/ml Proteinase K and incubated overnight at 65°C. DNA was extracted by phenol-chloroform and precipitated with ethanol. Later the samples were treated with RNase A for 30 min at 37°C, ran in 2% agarose gels at 90 V for 5 h and stained with ethidium bromide. Images were analyzed using Fiji software and the size of each fragment was determined from the maximum of the corresponding size distribution using MW markers. To determine the apparent NRL, the size of fragments containing increasing number of nucleosomes, from mono- to hexanucleosomes, was plotted against the number of nucleosomes and the apparent NRL calculated from the slope of the corresponding regression curve. To compare NRLs of the different conditions, samples showing similar extent of digestion were analyzed.

*In vitro* chromatin reconstitution and transcription experiments {#SEC2-8}
-----------------------------------------------------------------

*Drosophila* embryo extract DREX was prepared in Exb50 buffer (10 mM HEPES pH 7.6, 50 mM KCl, 1.5 mM MgCl~2~, 0.5 mM EGTA pH 8, 10 mM β-glicerophosphate, 10% glycerol) from preblastodermic embryos, as described in ([@B31]). To prepare dBigH1-depleted DREX, αBigH1 antibodies were coupled to protein A magnetic beads and incubated with DREX for five rounds of 45 min each at 4°C. The extent of depletion was determined by WB ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Chromatin reconstitution experiments were performed as described in ([@B31]), using 600 ng of a pAc5.1-V5-His plasmid (Invitrogen) carrying an EGFP reporter gene under the control of the *Drosophila actin5C* promoter. After reconstitution, chromatin was precipitated with 15 mM of MgCl~2~ and resuspended in Exb50. The extent of chromatin assembly was determined by MNase digestion as described in ([@B31]). For *in vitro* transcription assays, 12 μl of the reconstituted chromatin were incubated for 60 min at 30°C with 10 μl Buffer-C~90~ (20 mM Tris--HCl pH 7.8, 1 mM EDTA, 1 mM DTT, 10% glycerol, 90 mM NaCl), 20 μl Rxn mix (20 mM Tris pH 8.3, 5 mM MgCl~2~, 3 mM DTT, 25 mM rNTP mix, 6.25% PEG 8000) and 14 μl of HeLa nuclear extract (CILBiotech) as described in ([@B15]). Transcription was stopped by incubation at 39°C for 15 min in stop-mix (200 mM NaCl, 20 mM EDTA, 1% SDS, 12 μl glycogen, 0.12 μg/μl Proteinase K). Then, RNA was purified using the RNeasy Mini Kit (Qiagen) and cDNA was prepared using the Transcriptor First Strand cDNA Synthesis Kit (Roche) with oligo (dT)~18~ primers. The amount of GFP mRNA was quantified by RT-qPCR using primers against GFP ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and normalized with respect to the total amount of chromatin template used in the assay determined by qPCR with the same primers before transcription. For each experimental condition, three independent biological replicates assembled in the same dBigH1-depleted DREX ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}) were analyzed.

Immunostaining experiments in salivary glands {#SEC2-9}
---------------------------------------------

For immunostaining, salivary glands from L3 larvae were dissected in Cohen solution (10 mM MgCl~2~, 25 mM glycerol-3-phosphate, 3 mM CaCl~2~, 10 mM KH~2~PO~4~, 0.5% NP-40, 30 mM KCl, 160 mM sucrose) and fixed in 0.74% formaldehyde in PBS for 2 min. Glands were then incubated for 3 min and squashed in 45% acetic acid, 0.62% formaldehyde. Preparations were washed for 5 min in PBS-T (PBS, 0.05% Tween 20) and incubated with αdBigH1 (1:400) antibodies in PBS-T, 1%BSA overnight at 4°C. Preparations were washed three times for 5 min in PBS-T and incubated with the secondary antibody for 2 h at room temperature. Slides were mounted in Mowiol (Calbiochem-Novabiochem) containing 0.2 ng/μl DAPI (Sigma) and visualized on a Nikon Eclipse E1000 microscope.

RESULTS {#SEC3}
=======

Ectopically expressed dBigH1 binds across chromatin and down-regulates gene expression {#SEC3-1}
--------------------------------------------------------------------------------------

To ectopically express dBigH1 in *Drosophila* S2 cells we used a stable cell line expressing a dBigH1::FLAG construct under the control of a Cu^2+^-inducible promoter (Figure [1](#F1){ref-type="fig"}) ([@B7]). Upon induction, dBigH1 accounted for ∼23% of total linker histones (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}) (see Materials and Methods). ChIP-seq analyses using αdBigH1 antibodies showed that ectopically expressed dBigH1 bound broadly across chromatin since similar genomic inequality Lorenz' curves were observed in the immunoprecipitated (IP) and input samples (Figure [2A](#F2){ref-type="fig"}). ChIP-qPCR experiments confirmed these results since dBigH1 was detected at multiple randomly selected genomic regions, including repetitive DNA elements (Figure [2B](#F2){ref-type="fig"}). We observed that, though moderately, the genomic distribution of ectopically expressed dBigH1 in S2 cells positively correlated with those observed in embryos ([@B6]) (Pearson\'s correlation coefficient, *r* = 0.239) and testes ([@B7]) (Pearson\'s correlation coefficient, r = 0.331) ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Interestingly, in S2 cells, deposition of ectopically expressed dBigH1 strongly correlated with dH1 content in control non-induced cells since genes containing high dBigH1 levels in induced cells corresponded to genes with high dH1 content in non-induced cells (Pearson\'s correlation coefficient, *r* = 0.796) (Figure [2C](#F2){ref-type="fig"}). Along genes, linker histones H1 are usually depleted in the region around the transcription start-site (TSS) of highly expressed genes and their occupancy increases progressively along the transcription unit (CDS) ([@B8]) (see also [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}). On the other hand, no such depletion is detected in low expressed genes that, overall, have higher H1 content than highly expressed genes ([@B8]) (see also [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}). The dBigH1 coverage profile showed similar features (Figure [2D](#F2){ref-type="fig"}), though, in comparison to dH1 ([Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}), the depletion at TSS in highly expressed genes, as well as the differences in dBigH1 content between high and low expressed genes, were less pronounced. We also performed mock ChIP-seq experiments with αdBigH1 antibodies in control non-induced cells to assess the background level of non-specificity. Although, like in induced cells, genomic inequality of the mock IP samples was similar to the inputs ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), the background αdBigH1 coverage profile along genes was markedly different ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). ChIP-qPCR experiments confirmed these results since, in comparison to the signal observed in induced cells, background αdBigH1 signal in control non-induced cells was equally negligible at both TSS and CDS of several genes ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). ChIP-qPCR experiments also showed that, at TSS of highly expressed genes, the occupancy of dBigH1 was higher in comparison to dH1 and similar to the occupancy at CDS ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, left). Instead, in low expressed genes, dH1 and dBigH1 showed similar high relative occupancy at TSS ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, right). ChIP-qPCR experiments also confirmed that dBigH1 occupancy was similar in high and low expressed genes ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}, center), while dH1 was generally more abundant in low expressed genes ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}, left).

![Ectopic dBigH1 expression in S2 cells results in its binding across chromatin. (**A**) Lorenz curves showing coverage inequality for IP (red) and input samples (black) of dBigH1 ChIP-seq analyses in induced cells. (**B**) ChIP-qPCR analyses with αdBigH1 antibodies and preimmune serum (mock) at the indicated genomic regions in control and dBigH1-expressing cells (*N* = 2; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values are indicated). (**C**) Correlation of gene level dBigH1 content (log~2~RPKM IP/Input) in dBigH1-expressing cells and dH1 content (log~2~RPKM IP/Input) in control cells. (**D**) The normalized log~2~ coverage ratio IP/input of dBigH1 in dBigH1-expressing cells is presented along an idealized gene-length ± 1 kb for genes longer than 1 kb categorized according to their expression quantile in control cells (Q1-lowest to Q5-highest). TSS, transcription start site; TTS, transcription termination site.](gkaa122fig2){#F2}

Next, we performed expression-profiling analyses to determine the effects of dBigH1 on gene expression. Upon dBigH1 expression, we detected 630 differentially expressed (DE) genes at fold-change \|FC\|\>1.5 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), accounting for ∼5% of the genes present in the array. Considering all genes, the proportion of up-regulated and down-regulated genes was roughly the same (9669 versus 9283 probesets, respectively) (Figure [3A](#F3){ref-type="fig"}). However, within the subset of DE genes, ∼68% were down-regulated (Figure [3A](#F3){ref-type="fig"}) and, overall, a global down-regulation was observed at \|FC\|\>1.5 (Figure [3B](#F3){ref-type="fig"}). RT-qPCR experiments confirmed down-regulation of six randomly selected DE genes showing FC \< --1.5 (Figure [3D](#F3){ref-type="fig"}, left) and, though weakly, the extent of down-regulation of the differentially down-regulated genes significantly correlated with their dBigH1 content (Pearson\'s correlation coefficient, *r* = 0.11; *P*-value = 0.0227) (Figure [3C](#F3){ref-type="fig"}). Regarding differentially up-regulated genes, RT-qPCR experiments confirmed up-regulation of three out of four genes tested (Figure [3D](#F3){ref-type="fig"}, right). However, up-regulation did not significantly correlate with dBigH1 content (Pearson\'s correlation coefficient, *r* = 0.09; *P*-value = 0.1737) (Figure [3C](#F3){ref-type="fig"}). Furthermore, permutation test analysis showed that the extent of up-regulation was significantly lower than the extent of down-regulation (permutation test; *P*-value = 0.007, *B* = 5000).

![dBigH1 down-regulates gene expression. (**A**) Volcano plot showing the change in expression of each individual gene in cells expressing dBigH1 in comparison to control mock-induced cells. Differentially down-regulated and up-regulated genes (\|FC\| \> 1.5; Benjamini-Hochberg adjusted *P*-value \< 0.1) are indicated in blue and red, respectively. (**B**) The normalized gene expression (log~2~RMA) in dBigH1-expressing cells and control mock-induced cells is presented for all genes classified according to their absolute fold-change (\|FC\|) expression upon dBigH1 expression. (**C**) Correlation of gene level dBigH1 content (log~2~RPKM IP/input) and expression FC upon dBigH1 expression (log~2~FC). Genes differentially up-regulated (red) and down-regulated (blue) are indicated. Non-DE genes are also indicated (light blue). Black lines are lowess regression fits for up-regulated and down-regulated genes; the average slopes (α~mean~) are indicated. (**D**) The fold change expression with respect to control mock-induced cells of six randomly selected down-regulated genes (left) and four randomly selected up-regulated genes (right) was determined by RT-qPCR in dBigH1-expressing cells (white) (*N* = 7; error bars are SD; two-tailed t-test, *P*-values are indicated). (**E**) The relative GFP mRNA/DNA ratios of a chromatin template carrying a GFP-reporter gene assembled *in vitro* in full (white), mock-depleted (light grey) and dBigH1-depleted DREX in the absence (black) and presence of increasing amounts of bacterially-expressed dBigH1 added during assembly (dark grey) (*N* = 3; error bars are SD; two-tailed *t*-test, *P*-values are indicated). (**F**) The expression (log~2~RMA) in control cells is presented for up-regulated and down-regulated genes (Wilcoxon rank sum test, *P*-value is indicated). (**G**) The pausing index of total RNApol II (Rpb3) in control cells is presented for down-regulated, non-DE and up-regulated genes (Wilcoxon rank sum test, *P*-values are indicated).](gkaa122fig3){#F3}

*In vitro* chromatin reconstitution experiments using *Drosophila* preblastodermic extracts (DREX) confirmed down-regulation induced by dBigH1. DREX has been extensively used in chromatin reconstitution experiments ([@B32],[@B33]). DREX is enriched in dBigH1 ([@B34]) and chromatin reconstituted in DREX contains dBigH1 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). To assess the effect of dBigH1 on transcription, a plasmid construct carrying a GFP-reporter was subjected to chromatin reconstitution in full DREX or after dBigH1 depletion using αdBigH1 antibodies ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}), and the resulting reconstituted minichromosomes were used as template in *in vitro* transcription assays using HeLa extracts. MNase digestion showed that dBigH1-depleted DREX was as competent as full DREX for chromatin reconstitution ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). However, the GFP-reporter was transcribed to a significantly higher extent when the chromatin template was reconstituted in dBigH1-depleted DREX than in full or control mock-depleted DREX (Figure [3E](#F3){ref-type="fig"}). Furthermore, the addition of bacterially expressed recombinant dBigH1 during reconstitution with dBigH1-depleted DREX strongly reduced GFP transcription (Figure [3E](#F3){ref-type="fig"}).

We observed that, in comparison to non-DE or up-regulated genes down-regulated genes exhibited higher expression (Figure [3F](#F3){ref-type="fig"}) and stronger RNApol II pausing in control cells (Figure [3G](#F3){ref-type="fig"}). Gene ontology analyses showed that down-regulated genes mainly associated with KEGG pathways related to metabolic processes and housekeeping functions, while up-regulated ones correlate with more diverse functional pathways ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). We also generated whole-genome gene level epigenetic profile maps using Multidimensional Scaling with the chroGPS package ([@B25],[@B26]). In these maps, all genes in the genome are represented in a two-dimensional space according to similarity between their epigenetic state and three main domains can be identified corresponding to active, Polycomb (PC) and HP1a chromatin ([@B25]). Down-regulated genes scattered throughout the map ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). Instead, we observed a lower proportion of up-regulated genes in the PC-chromatin domain ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}).

The acidic ED-domain of dBigH1 is required for down-regulation {#SEC3-2}
--------------------------------------------------------------

dBigH1 has the characteristic tripartite domain organization of linker histones, in which a central winged-helix domain (WHD) is flanked by unstructured N-terminal (NTD) and C-terminal (CTD) domains ([@B35]) (Figure [1A](#F1){ref-type="fig"}). The WHD and CTD of dBigH1 are relatively well-conserved with respect to somatic dH1 ([@B6]). In contrast, the NTD of dBigH1 contains an extra domain enriched in acidic E and D residues ([@B6]) (Figure [1A](#F1){ref-type="fig"}). As generally observed in linker histones ([@B38],[@B39]), the positively charged CTD is required for dBigH1 binding to chromatin since, opposite to full length dBigH1, a truncated form missing the CTD did not bind to polytene chromosomes when ectopically expressed in salivary glands ([Supplementary Figures S6A--C](#sup1){ref-type="supplementary-material"}). On the other hand, truncated forms missing the acidic ED-domain or the entire NTD bound polytene chromosomes ([Supplementary Figures S6D and E](#sup1){ref-type="supplementary-material"}).

Next, we addressed the contribution of the extra ED-domain of dBigH1 to gene expression. For this purpose, we used a stable S2 cell line expressing a truncated dBigH1ΔED form, which was expressed to a similar level than full-length dBigH1 (Figure [1B](#F1){ref-type="fig"}). ChIP-seq analyses showed that, similar to full-length dBigH1, dBigH1ΔED was binding across chromatin (Figure [4A](#F4){ref-type="fig"}) and its deposition correlated with dH1 content in control non-induced cells (Pearson\'s correlation coefficient, r = 0.863) (Figure [4B](#F4){ref-type="fig"}). ChIP-qPCR experiments confirmed binding of dBigH1ΔED across chromatin (Figure [4C](#F4){ref-type="fig"}). However, at the gene level, the coverage profile of dBigH1ΔED showed a deeper depletion at TSS of highly expressed genes in comparison to full-length dBigH1 (Figure [4D](#F4){ref-type="fig"}). Regarding the effects on gene expression, we observed that deletion of the ED-domain in dBigH1ΔED abolished the down-regulation observed with full-length dBigH1 (Figure [4E](#F4){ref-type="fig"}, left). Furthermore, addition of dBigH1ΔED during *in vitro* reconstitution experiments using dBigH1-depleted DREX inhibited GFP expression to a weaker extent than addition of full-length dBigH1, as judged from the slopes of the inhibition curves obtained upon the addition of doubling amounts of the corresponding proteins (Figure [4F](#F4){ref-type="fig"}). Altogether these results suggest that the acidic ED-domain is required for down-regulation induced by dBigH1. The effects on up-regulated genes were less consistent (Figure [4E](#F4){ref-type="fig"}, right). Deletion of the entire NTD caused similar effects ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

![The acidic N-terminal ED-domain of dBigH1 is required for down-regulation. (**A**) Lorenz curves showing coverage inequality for IP (red) and input samples (black) of dBigH1ΔED ChIP-seq analyses in induced cells. (**B**) Correlation of gene level dBigH1ΔED content (log~2~RPKM IP/Input) in dBigH1ΔED-expressing cells and dH1 content (log~2~RPKM IP/Input) in control cells. (**C**) ChIP-qPCR analyses with αdBigH1 antibodies and preimmune serum (mock) at the indicated genomic regions in control and dBigH1ΔED-expressing cells (*N* = 2; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values are indicated). (**D**) The normalized log~2~ coverage ratio IP/input of dBigH1ΔED in dBigH1ΔED-expressing cells is presented along an idealized gene-length±1kb for genes longer than 1kb categorized according to their expression quantile in control cells (Q1-lowest to Q5-highest). TSS, transcription start site; TTS, transcription termination site. (**E**) The fold change expression with respect to control mock-induced cells of six randomly selected down-regulated genes (left) and four randomly selected up-regulated genes (right) was determined by RT-qPCR in dBigH1ΔED-expressing cells (white) and compared to dBigH1-expressing cells (black) (N≥4; error bars are SD; two-tailed *t*-test, *P*-values are indicated). (**F**) Inhibition curves showing the relative GFP mRNA/DNA ratio of a chromatin template carrying a GFP-reporter assembled *in vitro* in dBigH1-depleted DREX upon the addition of increasing amounts of bacterially-expressed dBigH1 (black) and dBigH1ΔED (red). The correlation coefficients (*R*^2^) and slopes (α) are indicated (error bars are SD; *N* = 3).](gkaa122fig4){#F4}

dBigH1 interferes with RNApol II binding {#SEC3-3}
----------------------------------------

Next, we performed ChIP-seq experiments with αRpb3 antibodies to determine the effects of dBigH1 binding on the genomic distribution of RNApol II. We observed that, in comparison to non-DE and up-regulated genes, RNApol II coverage along down-regulated genes was reduced upon dBigH1 expression (Figure [5A](#F5){ref-type="fig"}). Actually, in comparison to control mock-induced cells, total RNApol II content of down-regulated genes tended to decrease upon dBigH1 expression ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). These defects depended on the acidic ED-domain since they were not observed when the truncated dBigH1ΔED form was expressed (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). ChIP-qPCR experiments confirmed these results since, upon dBigH1 expression, several randomly selected down-regulated genes showed reduced Rpb3 occupancy at TSS and/or CDS, whereas expression of dBigH1ΔED showed no such general reduction (Figure [5B](#F5){ref-type="fig"}). Similar results were obtained when occupancy at TSS of the promoter-proximal active RNApol IIo^ser5^ form was analyzed (Figure [5C](#F5){ref-type="fig"}). In the down-regulated genes, RNApol II occupancy was generally more reduced at TSS than at CDS (Figure [5B](#F5){ref-type="fig"}), suggesting an effect on RNApol II pausing. In this regard, ChIP-seq analysis showed that the pausing index (PI) of down-regulated genes tended to decrease upon dBigH1 expression ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). On the other hand, dBigH1 expression did not affect RNApol II occupancy in non-DE and up-regulated genes (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}, and [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}).

![The acidic N-terminal ED-domain of dBigH1 perturbs RNApol II binding. (**A**) The normalized log~2~ coverage ratio IP/input of Rpb3 in control mock-induced cells (left), dBigH1-expressing cells (center) and dBigH1ΔED-expressing cells (right) are presented as a function of the distance to TSS for up-regulated genes (red), down-regulated genes (blue) and non-DE genes (gray). (**B**) The relative Rpb3 occupancy with respect to control mock-induced cells was determined by ChIP-qPCR at the indicated genomic regions in dBigH1-expressing cells (black) and dBigH1ΔED-expressing cells (white) (*N* = 2; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values with respect to mock-induced cells are indicated). (**C**) As in B but for the promoter-proximal RNApol IIo^ser5^ form at TSS of the indicated genes (N = 3 (dBigH1), 2 (dBigH1ΔED); error bars are SD; Mixed linear model Benjamini--Hochberg adjusted *P*-values with respect to mock-induced cells are indicated).](gkaa122fig5){#F5}

dBigH1 replaces somatic dH1 and perturbs the pattern of histone modifications {#SEC3-4}
-----------------------------------------------------------------------------

WB analysis showed that the levels of chromatin-bound dH1 decreased upon expression of full-length dBigH1 or the truncated dBigH1ΔED form (Figure [6A](#F6){ref-type="fig"}). This reduction occurred broadly across chromatin since ChIP-seq analyses performed with αdH1 showed similar Lorenz' inequality curves for the IP samples obtained from control cells and cells expressing dBigH1 or dBigH1ΔED ([Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}). Consistently, ChIP-qPCR experiments showed that dH1 occupancy tended to decrease at multiple genomic locations, including repetitive DNA elements (Figure [6B](#F6){ref-type="fig"}). Analysis of ChIP-seq data showed that the extent of dH1 depletion increased as a function of increasing dBigH1/dBigH1ΔED content. For these analyses, we grouped genes into five quantiles according to their dBigH1/dBigH1ΔED content and determined for each quantile the average dH1 content fold-change upon dBigH1/dBigH1ΔED expression. We observed that genes having high dBigH1/dBigH1ΔED content showed higher dH1 depletion relative to genes with low dBigH1/dBigH1ΔED content (Figure [6C](#F6){ref-type="fig"}). Furthermore, we observed that, in comparison to non-DE and up-regulated genes, down-regulated ones were enriched in genes showing high dH1 depletion upon dBigH1 expression (Figure [6D](#F6){ref-type="fig"}). Altogether these results suggest that both dBigH1 and dBigH1ΔED replace somatic dH1 to a similar extent. In this regard, in comparison to control mock-induced cells, we observed that dBigH1 expression reduced the overall nucleosome repeat length (NRL) by ∼10 bp (Figure [6E](#F6){ref-type="fig"}; see also [Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}), while it was not altered upon dBigH1ΔED expression (Figure [6F](#F6){ref-type="fig"}; see also [Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}). In addition, at the gene level, the relative dH1 depletion at TSS of highly expressed genes was reduced in dBigH1-expressing cells, in comparison to control and dBigH1ΔED-expressing cells ([Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}).

![dBigH1 replaces dH1. (**A**) WB analysis with αdH1 antibodies of crosslinked chromatin prepared from control mock-induced cells and cells expressing full-length dBigH1 and the truncated dBigH1ΔED forms. Increasing amounts of chromatin are analyzed (lanes 1--3). αH3 antibodies were used for normalization. Quantitative analysis of the results is shown in the bottom (N = 3; errors bars are SD; two tailed *t*-test, *P*-values are indicated). (**B**) The relative dH1 occupancy with respect to control mock-induced cells was determined by ChIP-qPCR at the indicated genomic regions in dBigH1-expressing cells (black) and dBigH1ΔED-expressing cells (white) (*N* = 3; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values with respect to mock-induced cells are indicated). (**C**) The average extent of dH1 depletion is presented for all genes categorized according to their dBigH1 (left) and dBigH1ΔED (right) content quantile in dBigH1-expressing and dBigH1ΔED-expressing cells (Q1-lowest to Q5-highest), normalized respect to Q1 (Wilcoxon rank-sum test, Benjamini--Hochberg adjusted *P*-values are indicated). (**D**) The proportion of genes categorized according to their relative dH1 depletion (Q1-lowest to Q5-highest) is presented for down-regulated, up-regulated and non-DE genes (Chi-square test, *P*-values are indicated). (**E**) MNase digestion for increasing time (lanes 1--6) of nuclei obtained from control mock-induced cells (left) and dBigH1-expressing cells (right). Lanes M correspond to MW markers (the sizes in bp are indicated). Quantitative analysis of the results is shown in the right where the size in bp of fragments containing increasing number of nucleosomes, from mono- to hexanucleosomes, are plotted against the number of nucleosomes for samples showing equivalent extent of digestion (lanes 2 in the left). The correlation coefficients (*R*^2^) and slopes, which correspond to the apparent NRL, are indicated. (**F**) As in E but for control mock-induced cells (left) and dBigH1ΔED-expressing cells (right).](gkaa122fig6){#F6}

Transcriptional activity correlates with specific patterns of histone modifications (reviewed in ([@B40])). In particular, transcriptionally active genes are enriched in H3K36me3 along the CDS, a modification associated with transcription elongation. In this regard, we observed that dBigH1 expression reduced H3K36me3 levels at CDS of down-regulated genes (Figure [7A](#F7){ref-type="fig"}). This effect correlated well with the effect on transcription since it was not observed in non-DE and up-regulated genes, and it was much weaker when dBigH1ΔED was expressed (Figure [7A](#F7){ref-type="fig"}). Histone K-acetylation is also a hallmark of active genes that generally occurs at promoters and correlates with transcription initiation. Similar to the effect on H3K36me3, we observed that expression of dBigH1 reduced H3 K-acetylation (H3Kac) levels at promoters of down-regulated genes (Figure [7B](#F7){ref-type="fig"}). However, in contrast to the effect on H3K36me3, this effect was also observed at promoters of non-DE and up-regulated genes (Figure [7B](#F7){ref-type="fig"}). Furthermore, WB analyses showed that total H3Kac levels decreased upon dBigH1 expression (Figure [7C](#F7){ref-type="fig"}). Altogether these results suggest that dBigH1 expression impaired H3Kac globally across chromatin. This effect mostly depended on the acidic ED-domain since dBigH1ΔED expression did not significantly decrease total H3Kac levels (Figure [7C](#F7){ref-type="fig"}) and, in comparison to full-length dBigH1, it had a weaker effect on H3Kac levels at promoters (Figure [7B](#F7){ref-type="fig"}).

![dBigH1 perturbs the pattern of histone modifications. (**A**) The relative H3K36me3 occupancy with respect to control mock-induced cells was determined by ChIP-qPCR at CDS of the indicated genes in dBigH1-expressing cells (black) and dBigH1ΔED-expressing cells (white) (N = 3; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values with respect to mock-induced cells are indicated). (**B**) The relative H3Kac occupancy with respect to control mock-induced cells was determined by ChIP-qPCR at TSS of the indicated genes in dBigH1-expressing cells (black) and dBigH1ΔED-expressing cells (white) (*N* = 2; error bars are SD; Mixed linear model Benjamini-Hochberg adjusted *P*-values with respect to mock-induced cells are indicated). (**C**) In the left, WB analysis with αH3Kac antibodies of crosslinked chromatin prepared from control mock-induced cells and cells expressing full-length dBigH1 and the truncated dBigH1ΔED forms. Increasing amounts of chromatin are analyzed (lanes 1--3). αH4 antibodies were used for normalization. Quantitative analysis of the results is shown in the right (*N* = 3; error bars are SD; two tailed *t*-test, *P*-values are indicated).](gkaa122fig7){#F7}

DISCUSSION {#SEC4}
==========

Here, we have addressed the mechanism of dBigH1 action in transcription regulation using ectopic dBigH1 expression experiments in S2 cells. Though weakly, the genomic distribution of ectopically expressed dBigH1 positively correlates with those observed in embryos and testes, where dBigH1 is naturally expressed, suggesting that the mechanisms governing dBigH1 deposition might be partially conserved in S2 cells. Our results suggest that binding of dBigH1 negatively affects transcription. Upon dBigH1 expression, more than two-thirds of the DE-genes were down-regulated. This effect was probably underestimated since, though only in one replicate, we observed a global decrease in gene expression that, considering the methodology used for normalization, could hamper identification of differentially down-regulated genes. This down-regulation occurred at the transcriptional level, as down-regulated genes showed reduced RNApol II content. Conversely, RNApol II content of up-regulated genes was not increased upon dBigH1 expression, suggesting that the observed up-regulation was not transcriptional. Moreover, *in vitro* experiments showed that dBigH1 inhibited transcription of a chromatin template. Consistent with the negative effect on transcription, dBigH1 expression specifically decreased H3K36me3 levels at CDS of down-regulated genes.

Our results show that dBigH1 replaces dH1. In our experiments, dBigH1 binding to chromatin was likely taking place in the absence of DNA replication, as dBigH1 induction was sustained for 24h and, during this time, cell density did not increase noticeably. Whether dBigH1 deposition involves active dH1 replacement remains to be determined. *In vitro*, incubation of purified nuclei with DREX results in binding of dBigH1 to chromatin without dH1 displacement ([@B32]), suggesting that the replacement observed in S2 cells responds to an active process. Along the same lines, we observed that dBigH1 was preferentially deposited at regions enriched in dH1. Replacement of somatic H1s by embryonic H1s has been reported in nuclear transfer experiments ([@B41]) and NAP-1 has been shown to be involved in both B4/H1M deposition and somatic H1s removal in *Xenopus* ([@B46],[@B47]). Further work is required to determine the mechanisms regulating dBigH1 deposition.

The acidic ED-domain of dBigH1 is required to inhibit transcription since expression of the truncated dBigH1ΔED form, which also replaced somatic dH1, did not down-regulate gene expression either affected RNApol II loading or H3Kac levels. The presence of the negatively charged acidic ED-domain in dBigH1 is peculiar as histones are highly positively charged. It is possible that, due to the negative charge of the ED-domain, the structural organization of chromatin is compromised in the presence of dBigH1. Actually, the overall NRL changed upon dBigH1 expression, but not when dBigH1ΔED was expressed. Interestingly, although the ED-domain of dBigH1 is not conserved outside of the *Drosophila* genus ([@B6]), embryonic H1s are generally more acidic than somatic ones (reviewed in ([@B2])). In this regard, it was shown that both the *Xenopus* B4/H1M and the mammalian H1oo embryonic linker histones alter chromatin organization and dynamics ([@B41],[@B44],[@B48]). An altered chromatin organization would perturb access to chromatin and/or functioning of chromatin remodelers/modifiers and transcription factors that, ultimately, would affect RNApol II loading and transcription. In fact, regardless of the actual transcriptional outcome, dBigH1 expression globally affected H3Kac. In contrast, we reported earlier that incubation of purified nuclei with DREX, which also results in dBigH1 binding, increased H3Kac levels ([@B32]). However, it is important to note that the increase in H3Kac levels observed in this case was independent of dBigH1 binding ([@B32]).

It might be argued that the down-regulation observed upon dBigH1 expression is a consequence of increased global linker histones content. However, similar or even higher levels of expression of the truncated dBigH1ΔED and dBigH1ΔNTD forms did not affect transcription. Moreover, binding of dBigH1 is compensated by removal of dH1, thus total linker histones content is not greatly increased.

dBigH1 binding affected expression of a relatively small subset of genes. This may reflect the fact that in our experimental setup, dBigH1 accounted for only 20--25% of total linker histones. Thus, from this point of view, affected genes appear to correspond to a subset of genes more sensitive to dBigH1 levels. In this regard, we observed that down-regulated genes had strong RNApol II pausing, which tended to decrease upon dBigH1 expression. In addition, though dBigH1 binding reduced H3Kac globally, only the down-regulated genes were transcriptionally affected. Interestingly, impairing RNApol II pausing generally down-regulates gene expression ([@B27],[@B54],[@B55]), while reduced H3Kac levels preferentially affects expression of highly paused genes ([@B56]). These observations suggest that the higher sensitivity to dBigH1 expression of down-regulated genes is likely due to the way their transcription is regulated.

In summary, we have presented here direct evidence supporting that the acidic N-terminal tail of the embryonic dBigH1 linker histone of *Drosophila* compromises transcription by altering the functional epigenetic state of active chromatin. Other embryonic H1s might share similar properties since they are generally more acidic than their somatic counterparts.
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